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Abstract  36 
A new high surface area polyaniline (PANI) adsorbent was synthesized by matrix 37 
polymerization of aniline in the presence of a polyacid, poly(2-acrylamido-2-methyl-1-38 
propanesulfonic acid) (PAMPSA). Morphological and physicochemical properties of PANI-39 
PAMPSA were characterized by field emission scanning electron microscope (FESEM), Fourier 40 
transform infrared spectroscopy (FTIR), X-ray powder diffraction (XRD), nitrogen 41 
adsorption/desorption and zeta potential measurement. Adsorption properties were evaluated using 42 
Methylene Blue (MB) and Rose Bengal (RB) as model dyes.  43 
The results showed that PANI-PAMPSA obtained a well-defined porous structure with a 44 
specific surface area (126 m2 g−1) over 10 times larger than that of the emeraldine base PANI 45 
(PANI-EB) (12 m2 g−1). The maximum adsorption capacities were 466.5 mg g−1 for MB and 440.0 46 
mg g−1 for RB, higher than any other PANI-based materials reported in the literature. The FTIR 47 
analysis and zeta potential measurement revealed that the adsorption mechanisms involved π-π 48 
interaction and electrostatic interaction. The adsorption kinetics were best described by a pseudo-49 
second-order model, and the adsorption isotherms followed the Langmuir model. The 50 
thermodynamic study indicated that the adsorption was a spontaneous endothermic process. 51 
Overall, the convenient synthesis and the high adsorption capacity make PANI-PAMPSA a 52 
promising adsorbent material for dye removal. 53 
 54 
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Abbreviations: PANI, polyaniline; PAMPSA, poly(2-acrylamido-2-methyl-1-propanesulfonic 57 
acid; MB, Methylene Blue; RB, Rose Bengal; CV, Crystal Violet; MO, Methyl Orange; PR, 58 
Procion Red; OG, Orange G; CBB, Coomassie Brilliant Blue; RBBR, Remazol Brilliant Blue R; 59 
AG, Alizarine Cyanine Green; MG, Malachite Green; CR, Congo Red; TMP, tin (II) 60 
molybdophosphate; ZSP, zirconium (IV) silicophosphate; PTSA, p-toluenesulfonic acid; CSA, 61 
camphorsulfonic acid.  62 
 63 
1. Introduction  64 
Synthetic organic dyes from wastewater of textile, paper, plastic, cosmetics, 65 
pharmaceutical and food industries are a major source of environmental contamination [1, 2]. It is 66 
estimated that 5000 tons of dyes are discharged into the environment every year [3]. These dyes 67 
impart color to water which not only damages the aesthetic nature of water, but also interferes with 68 
the transmission of sunlight and thus disturbs the biological metabolism processes of aquatic 69 
communities [4, 5]. More importantly, most of the dyes have serious harmful effects on human 70 
beings, which span from skin and eye irritation to dysfunction of brain, liver, kidney and 71 
reproductive system [1]. Due to the low biodegradability of dyes, the conventional biological 72 
methods are not effective in treating dye effluents [1]. A wide range of physicochemical techniques 73 
have been employed to remove dyes, such as adsorption [2], coagulation [6], membrane filtration 74 
[7], oxidation [8], electrochemical destruction [9] and photochemical degradation [10]. Among 75 
these techniques, adsorption has attracted great attention because of its easy operation, low cost, 76 
and high efficiency [1]. Numerous types of adsorbents, such as activated carbon, zeolite, alumina, 77 
silica, biomaterials, and polymers have been extensively used for dye removal [2, 11].  78 
Polyaniline (PANI) is one of the most studied conducting polymers due to its ease of 79 
synthesis, low cost, environmentally stability and the unique doping/dedoping property [12]. The 80 
emeraldine base PANI (PANI-EB) and the emeraldine salt PANI (PANI-ES) can be efficiently 81 
switched to each other by doping (protonation) and dedoping (deprotonation), respectively [13, 82 
14]. The utilization of PANI as potential adsorbent for dye removal is due to two reasons: (1) its 83 
large amount of amine and imine functional groups are expected to interact with organic 84 
compounds [12]; (2) the charge transfer induced by doping enables PANI to interact with ionic 85 
species via electrostatic interaction [15]. There are several excellent reviews in the literature 86 
discussing the applications of PANI-based materials for the removal of dyes from 87 
wastewater/aqueous solutions, and the reader is referred in particular to those by Zare and 88 
coworkers [16], and Huang and coworkers [12]. A selective summary of adsorption capacities of 89 
PANI-based materials is provided in Table 1. Although PANI is widely used for dye removal, 90 
there are two main challenges restricting its actual performance. Firstly, the bare PANI-EB 91 
particles can easily aggregate because of the inter- and intramolecular interactions, which 92 
significantly reduces the surface area and hence results in lower adsorption capacities [12]. 93 
Secondly, PANI doped by small molecule acid is prone to dedoping because the small molecule 94 
acid evaporates easily at room temperature [17, 18], which will reduce the surface charge of PANI 95 
and therefore affect the electrostatic interaction between PANI and dye.  96 
 97 
Table 1: A selective summary of adsorption capacities of PANI-based materials for dye removal 98 
Material Dye  Maximum adsorption 
capacity (mg g–1) 
Reference  
PANI-EB    
PANI nanoparticle  MB 6.1 [19] 
PANI nanotube MB 9.2 [20] 
PANI nanotube/silica composite  MB 10.3  [21] 
Nanostructured crosslinked PANI MB 13.8 [22] 
Nanoporous hypercrosslinked PANI CV, MO  245, 220 [23] 
PANI-ES     
PANI-HCl PR  18.4 [15] 
PANI-HCl MO 154.6 [24] 
PANI-HCl MB 192.3 [25] 
PANI-HCl OG, CBB, RBBR, AG 175, 129, 100, 56 [26] 
PANI-HCl/chitosan composite OG, CBB, RBBR 322, 357, 303 [27] 
PANI-HCl/TMP nanocomposite MG 78.9  [28] 
PANI-HCl/ZSP nanocomposite MB 12 [29] 
PANI-H2SO4 MO  75.9 [30] 
PANI-phytic acid hydrogel MB 71.2 [31] 
PANI-PTSA OG, CBB, RBBR, AG 342, 207, 171, 95 [32] 
PANI-CSA OG, CBB, RBBR, AG 400, 231, 254, 151 [32]  
PANI-CSA/polyamide 6 composite MO  81.9 [33] 
PANI-PAMPSA MB, RB 466.5, 440.0 This study 
 99 
The present work aims to overcome these challenges by doping PANI with a polyacid, 100 
namely poly(2-acrylamido-2-methyl-1-propanesulfonic acid) (PAMPSA). PAMPSA is a strong 101 
polyacid distinguished by flexible polymer backbone and short distances between sulfonic groups 102 
of neighbouring repeat units [34]. PAMPSA offers many advantages compared to small molecule 103 
acids: (1) PAMPSA can easily adapt its conformation to match the spatial distribution of nitrogen 104 
sites in PANI and form a double-strand structure [34, 35]. The double-strand structure confers a 105 
higher stability than the single-strand structure formed between small molecule acid and PANI 106 
[36]; (2) PAMPSA is not volatile and will not cause dedoping; (3) PAMPSA brings large amount 107 
of sulfonic, carbonyl and amide functional groups into PANI, which may improve the 108 
processability and create more adsorption sites. Our previous research found that PAMPSA as a 109 
dopant can improve the porosity and chemical stability of PANI membranes for organic solvent 110 
nanofiltration [37]. However, to the best of our knowledge, there has been no study about 111 
PAMPSA doped PANI (PANI-PAMPSA), or any polyacid doped PANI, as adsorbents for dye 112 
removal.  113 
Hence, the objective of the present work was to investigate the adsorption properties of 114 
PANI-PAMPSA towards a cationic dye (Methylene Blue, MB) and an anionic dye (Rose Bengal, 115 
RB). The experimental variables affecting optimal adsorption were evaluated. The kinetics, 116 
isotherms, thermodynamics, and mechanisms of adsorption were elucidated in detail.  117 
 118 
2. Materials and Methods 119 
2.1. Chemicals  120 
Analytical grade MB, RB, aniline, ammonium persulfate (APS), hydrochloric acid (HCl), 121 
N-methyl-2-pyrrolidone (NMP), 4-methyl piperidine (4MP) were obtained from Sigma-Aldrich, 122 
UK. The structure and chemical properties of MB and RB are summarized in Table S1. Poly(2-123 
acrylamido-2-methyl-1-propanesulfonic acid) (PAMPSA, MW 800000 g mol–1) was supplied by 124 
Fisher Scientific, UK. The non-woven polyethylene/polypropylene support layer (Novatexx 2431, 125 
140 μm) was supplied by Freudenberg Filter, Germany. Deionized (DI) water was produced by an 126 
ELGA deionizer from PURELAB Option, USA. 127 
2.2. Synthesis 128 
PANI-PAMPSA was synthesized by matrix (template) polymerization. This approach uses 129 
polyacid as a template to promote the ‘head-to-tail’ coupling of aniline along the chain of the 130 
polyacid macromolecule, leading to the formation of a well-defined molecular structure of PANI 131 
[38-40]. Specifically, 18.23 mL (0.2 mole) of aniline, at 4:1 monomer to acid repeat unit molar 132 
ratio, was dissolved in 200 mL of 0.1 M PAMPSA solution. The polymerization of aniline was 133 
initiated by the slow addition of 128 mL of 1.56 M APS solution using a peristaltic pump at a 134 
speed of 20 mL h–1 at 15 °C. The mixture was left for 24 h under stirring for full polymerization. 135 
The final solution was filtered and the obtained PANI-PAMPSA was rinsed with DI water to 136 
remove unreacted chemicals, and then washed with acetone to remove oligomers. To prepare 137 
PANI-EB, 18.23 mL (0.2 mole) of aniline was dissolved in 200 mL of 1 M HCl solution. The 138 
polymerization process was similar to PANI-PAMPSA, but the powder obtained was stirred in 139 
33.3% (w/v) ammonia solution for 4 h to deprotonate the emeraldine salt. The obtained PANI-EB 140 
was then rinsed with DI water to remove excess ammonia and then washed with acetone to remove 141 
oligomers. Both PANI-PAMPSA and PANI-EB were dried in a vacuum oven at 60 °C for 24 h, 142 
and then ground using mortar and pestle. The final color of PANI-PAMPSA was dark green, and 143 
the final color of PANI-EB was purple bronze.  144 
2.3. Characterization  145 
The morphological and physiochemical properties of PANI-PAMPSA were characterized 146 
in comparison to PANI-EB. Morphology of the samples was studied by a JEOL 6301F field 147 
emission scanning electron microscope (FESEM). Fourier transform infrared (FTIR) spectra were 148 
obtained by a PerkinElmer Spectrum 100 ATR-FTIR spectrometer. Each FTIR spectrum had 32 149 
scans with 4 cm−1 resolution. The X-ray powder diffraction (XRD) patterns were obtained with a 150 
Bruker AXS D8 Advance X-ray diffractometer, equipped with a Vantec-1 detector using Cu Kα 151 
radiation source (λ = 1.5418 Å). The specific surface areas were obtained from low pressure (up 152 
to 1 bar) nitrogen sorption measurements at 77 K using a Micromeritics 3Flex volumetric gas 153 
sorption analysis system. The specific surface area was calculated according to the British 154 
Standard guidelines for the BET method [41] from regression analysis of data in the relative 155 
pressure range from 0.05 to 0.3, using the manufacturer-recommended equilibration period, 156 
equating to a 2 min soak time. The surface charge was determined by the zeta potential 157 
measurement. Specifically, 10 mg of PANI-EB or PANI-PAMPSA was added in 20 mL of DI 158 
water to make a 0.5 g L−1 dispersion. The pH of the dispersion was varied between 3 and 12 by 159 
the addition of 1 mM HCl or 1 mM NaOH solution. The zeta potential of the dispersion was 160 
measured by a Malvern Nano ZS ZetaSizer with folded capillary zeta cells (DTS1070).  161 
2.4. Dye adsorption experiments  162 
The adsorption of dyes onto PANI adsorbents were carried out in batch adsorption 163 
experiments. Typically, a certain amount of PANI-EB or PANI-PAMPSA was added into 20 mL 164 
of dye solution at 25 °C and 300 rpm stirring condition. At regular intervals, 1 mL of the suspension 165 
was withdrawn and centrifugated at 4000 rpm by a Thermo Scientific Medifuge centrifuge, and 166 
the concentration of respective dye in the supernatant was measured by a Agilent Cary 100 UV-167 
Vis spectrophotometer. The concentrations of RB and MB were calibrated by Beer-Lambert law 168 
at λmax values of 549 and 663 nm, respectively.  169 
The experimental variables affecting adsorption, including contact time, adsorbent dosage, 170 
initial dye concentration and solution pH, were evaluated. To determine the effect of adsorbent 171 
dosage as well as the initial dye concentration, a series of experiments were carried out by varying 172 
the adsorbent dosage from 0.1 to 0.8 g L−1, and the initial dye concentration from 25 to 200 mg 173 
L−1. To investigate the influence of solution pH on adsorption capacity, the pH of the dye solution 174 
was adjusted from 3 to 12 before adsorption, by using 1 mM HCl or 1 mM NaOH solution. The 175 
adsorption kinetic, isotherm, and thermodynamic parameters were determined to characterize the 176 
adsorption process. For the adsorption kinetic, isotherm and thermodynamic experiments, the 177 
solution pH was fixed at pH = 7 and the adsorbent dosage was 0.5 g L−1. After the adsorption 178 
reached equilibrium, the dye-loaded adsorbents were separated by centrifugation, washed with DI 179 
water, and dried at 80 °C for 24 h. Possible adsorption mechanisms was investigated by FTIR 180 
analysis. 181 
All of the experiments were done in triplicate and the average values of the results were 182 
used for data analysis. The adsorption capacity and the percentage removal were calculated using 183 
Eq. (1) and Eq. (2) where 𝑞𝑡 is the adsorbed amount of dye at time t (mg g
−1); 𝑐0 and 𝑐𝑡 are the 184 
initial and present dye concentrations (mg L−1); V is the solution volume (L); and 𝑚 is the mass of 185 
PANI (g). 186 
 187 
𝑞𝑡 =
(𝑐0 − 𝑐𝑡)𝑉
𝑚
                                                                                                                                            (1) 188 
 189 
Removal =
𝑐0 − 𝑐𝑡
𝑐0
× 100%                                                                                                                     (2) 190 
 191 
3. Results and Discussion 192 
3.1. Characterization of PANI-EB and PANI-PAMPSA 193 
FESEM images of PANI-EB and PANI-PAMPSA are shown in Figure 1. It can be 194 
observed that the structure of PANI-EB is tightly packed, making it difficult to distinguish the size 195 
and shape of individual particles (Figure 1(a)). This is in agreement with previous literature which 196 
reported that PANI-EB tends to aggregate during the polymerization process [42]. In comparison, 197 
the structure of PANI-PAMPSA is composed of porous particle aggregates (Figure 1(b)). The 198 
FESEM image of PANI-PAMPSA at 150k magnification shows that the average diameter of the 199 
particles is in the range of 50 and 100 nm (Figure S1). The porous structure of PANI-PAMPSA is 200 
expected to provide a larger surface area and thus increase the dye adsorption in comparison to 201 
PANI-EB.  202 
 203 
 204 
Figure 1: FESEM images of (a) PANI-EB and (b) PANI-PAMPSA 205 
 206 
Figure 2(a) shows the FTIR spectra of PANI-EB and PANI-PAMPSA. The typical bands 207 
of PANI-EB are observed at 1586 cm–1 (quinoid C=C stretching), 1490 cm–1 (benzenoid C=C 208 
stretching), 1378 cm–1 (quinoid C–N stretching), 1286 cm–1  (aromatic amine C–N stretching), 209 
1156 cm–1 (aromatic imine C=N stretching) and 818 cm–1 (C–H bending) [43]. The bands of PANI-210 
PAMPSA at approximately 1641 cm–1 and 1032 cm–1 are attributed to the C=O stretching and the 211 
symmetric O=S=O stretching, which correspond to the carbonyl and sulfonic groups of PAMPSA, 212 
respectively [34]. It is noticeable that the bands of quinoid (1586 cm–1) and benzenoid (1490 cm–213 
1) in PANI-EB show a red shift to 1546 cm–1 and 1440 cm–1 in the spectrum of PANI-PAMPSA. 214 
This indicates the interaction between the backbone of PANI and PAMPSA, which is associated 215 
with the π-electron delocalization induced by protonation [18]. The bands at 1296 cm–1 and 1148 216 
cm–1 are assigned to the protonated amine and protonated imine groups, respectively. The FTIR 217 
results suggest that the incorporation of PAMPSA in PANI is through an interaction between 218 
sulfonic groups of PAMPSA and nitrogen atoms of PANI [34]. 219 
Figure 2(b) shows the XRD patterns of PANI-EB and PANI-PAMPSA. The crystalline 220 
phases of PANI-EB can be identified by some blunt peaks at 2θ values of 15.6°, 20.1° and 24.2°. 221 
The peaks at 20.1° and 24.2° represent the reflection plane of (020) and (200) [44], corresponding 222 
to the periodicity parallel and perpendicular to the polymer chain of PANI, respectively [45]. As 223 
reported in literatures, most regions in the PANI structure are amorphous [46]. When PAMPSA 224 
was doped into PANI, the XRD pattern shows two peaks at 14.2° and 25.5°, which may indicate 225 
the rearrangement in the polymer chain of PANI due to the interaction with the PAMPSA 226 
macromolecule [34]. The number and intensity of peaks in PANI-PAMPSA are both lower than 227 
that in PANI-EB, representing a decrease in crystallinity. Given that PAMPSA is an amorphous 228 
polymer, the incorporation of large amounts of PAMPSA would make ordering of PANI chains 229 
difficult. The less-ordered structures of acid doped PANI in comparison to PANI-EB has 230 
previously also been reported  [42, 46]. 231 
Figure 2(c) displays the nitrogen physisorption (adsorption/desorption) isotherms for 232 
PANI-EB and PANI-PAMPSA. The specific surface areas of the adsorbents can be calculated 233 
from the physisorption isotherms using the BET theory. PANI-EB had a specific surface area of 234 
12 m2 g−1, while PANI-PAMPSA had a higher specific surface area of 126 m2 g−1. As reported in 235 
the literature, PANI-EB with various morphologies obtained significantly different specific 236 
surface areas, including conventional PANI-EB (< 20 m2 g−1) [47], nanostructured PANI-EB (24 237 
– 80 m2 g−1) [48, 49], and crosslinked PANI-EB (349 – 1083 m2 g−1) [22, 23]. Nevertheless, the 238 
specific surface area of PANI-PAMPSA has never been reported. This study shows that the 239 
polyacid doping leads to a 10-fold increase in the specific surface area of PANI-EB, which concurs 240 
with results of FESEM images in Figure 1. This is possibly because the PANI particles are located 241 
along the PAMPSA macromolecule to form the double-strand structure during polymerization [34]. 242 
In the absence of PAMPSA, PANI-EB particles are susceptible to aggregation and hence, larger 243 
particles with smaller specific surface areas are formed. 244 
Figure 2(d) illustrates the variations of zeta potential of PANI-EB and PANI-PAMPSA in 245 
the pH range 3 – 12. PANI-EB exhibits negative zeta potential at all pH values because it became 246 
dedoped by the alkaline treatment. The zeta potential of PANI-PAMPSA also remains negative at 247 
all pH values, and its absolute value increases from 16.5 mV (at pH = 3) to 34.6 mV (at pH = 12). 248 
When in an acidic environment, PANI-PAMPSA is in the doped form where the backbone carries 249 
positive charge [50]. However, the polymer matrix on the whole is negatively charged due to the 250 
dissociation of the PAMPSA macromolecule (pKa = 0.87). This is similar to the findings by 251 
Mukherjee, Sharma, Saini and De [51] who found that PANI doped with an anionic surfactant, 252 
dodecyl benzene sulfonic acid (DBSA), remained negatively charged from pH 2 to 12. With the 253 
increase of the solution pH, the positive sites in PANI-PAMPSA get deprotonated, and the net 254 
surface charge becomes more negative. It should be noted that PANI-PAMPSA shows a more 255 
gradual increase in the absolute value of zeta potential compared to PANI-EB. This is because the 256 
functional groups from PAMPSA, such as −SO3H and −COOH groups, have buffer effects against 257 
pH variations [52]. The zeta potential of PANI-PAMPSA is always below −30 mV between pH 5 258 
and 12, which suggests a stable colloidal system that is resistant to particle aggregation and is 259 
therefore beneficial to adsorption [53].  260 
 261 
 262 
Figure 2: (a) FTIR; (b) XRD; (c) N2 sorption isotherms and (d) zeta potential of PANI-EB and 263 
PANI-PAMPSA  264 
 265 
3.2. Adsorption capacities of PANI-EB and PANI-PAMPSA 266 
The adsorption capacity curves of PANI-EB and PANI-PAMPSA for MB and RB at 267 
different time intervals are shown in Figure 3. The adsorption process is extremely rapid in the 268 
initial 2 min, especially for PANI-PAMPSA. All the curves become flat after 10 min, indicating 269 
adsorption equilibrium is reached. PANI-EB shows relatively low adsorption capacities for MB 270 
(11.2 mg g−1) and RB (14.5 mg g−1), which are likely attributed to the particle aggregation and the 271 
small specific surface area. Compared to PANI-EB, PANI-PAMPSA possesses much higher 272 
adsorption capacities for both MB and RB. The adsorption capacity of PANI-PAMSPA for MB is 273 
194.9 mg g−1, which is significantly higher than any other PANI-based materials, such as 274 
nanostructured PANI-EB (4.8 mg g−1) [20], crosslinked PANI-EB (6.9 mg g−1) [22], and PANI-275 
nickel ferrite nanocomposite (6.6 mg g−1) [54]. The adsorption capacity of PANI-PAMPSA for 276 
RB is 189.4 mg g−1. Although adsorption of RB by PANI-based materials has not been explored 277 
previously, the result from this study is in general consistent with the above-mentioned adsorption 278 
capacities of PANI-based materials for other anionic dyes [26, 32]. Another interesting finding is 279 
that the equilibrium time of PANI-PAMPSA (approximately 10 min) is much faster than previous 280 
studies that report equilibrium times in the range of 60 – 120 min [20, 23, 55], which is an 281 
additional advantage for PANI-PAMPSA. These results demonstrate that PANI-PAMPSA can be 282 
utilized as a very efficient adsorbent to remove both cationic and anionic dyes from aqueous 283 
solutions.  284 
 285 
 286 
Figure 3: Effect of contact time on adsorption capacity of PANI-EB and PANI-PAMPSA for MB 287 
and RB (0.5 g L−1 adsorbent, 100 mg L−1 dye, pH = 7, 25 °C) 288 
 289 
3.3. Effect of adsorbent dosage, initial dye concentration and solution pH 290 
To observe the effect of adsorbent dosage on dye adsorption, 100 mg L−1 of MB or RB at 291 
pH = 7, 25 °C was put in contact with various amounts of PANI-PAMPSA (0.1 – 0.8 g L−1). As 292 
can be seen in Eq. (1), the adsorption capacity and the adsorbent dosage have an inverse 293 
relationship. Figure 4(a) shows that when the amount of PANI-PAMPSA increases, the adsorption 294 
capacities for both dyes decrease. The is because the adsorption sites available will not be fully 295 
utilized at a higher adsorbent dosage in comparison to a lower adsorbent dosage [23, 56]. 296 
Maximum adsorption capacities for MB and RB are 525.2 and 412.7 mg g−1 with PANI-PAMPSA 297 
dosage of 0.1 g L−1. When it comes to the percentage removal, 95% removal of both dyes can be 298 
achieved with PANI-PAMPSA dosage of 0.5 g L−1. Therefore, 0.5 g L−1 was chosen as the fixed 299 
dosage of PANI-PAMPSA for subsequent experiments.   300 
The effect of initial dye concentration on the adsorption capacity of PANI-PAMPSA is 301 
shown in Figure 4(b). The adsorption capacities for MB and RB increase almost linearly with the 302 
initial dye concentration in the range of 25 to 200 mg L−1. This can be explained by the increase 303 
in the adsorbate to adsorbent ratio [23]. Previous studies found that the initial dye concentration is 304 
the main driving force for mass transfer from solution to the adsorbent [2, 55, 57]. The higher the 305 
initial dye concentration, the greater the driving force for adsorption, indicating stronger 306 
interactions between dye molecules and available sites on the adsorbent surface [55]. The reduce 307 
of linearity for RB at higher dye concentrations may suggest a nearly saturation limit for PANI-308 
PAMPSA [23]. A moderate initial dye concentration of 100 mg L−1 was chosen as the fixed 309 
adsorbate concentration for further study. 310 
The solution pH plays a key role in the adsorption process, because it affects the surface 311 
charge and active sites of the adsorbent, as well as the speciation of the adsorbate [56, 58]. At low 312 
pH, both MB and RB are neutral. When the pH increases, MB becomes positively charged (pKa 313 
= 3.8), and RB becomes negatively charged (pKa = 4.7) [59, 60]. Figure 2(d) shows that the 314 
negative surface charge of PANI-PAMPSA increases from pH 3 to pH 12, which indicates the 315 
stronger electrostatic interaction (attractive for MB and repulsive for RB) at higher side of pH. 316 
Figure 4(c) plots the adsorption capacities of PANI-PAMPSA for MB and RB as a function of 317 
solution pH. As expected from the zeta potential result, the adsorption capacity for MB gradually 318 
increases from 139.3 to 205.8 mg g−1, and that for RB decreases from 210.9 to 134.6 mg g−1 with 319 
an increase of pH from 3 to 12. Such opposite trends in ionic dyes has been previously reported 320 
[23].  321 
 322 
 323 
Figure 4: Effect of (a) adsorbent dosage; (b) initial dye concentration; (c) solution pH on adsorption 324 
capacity of PANI-PAMPSA for MB and RB  325 
 326 
3.4. Adsorption kinetics, isotherms and thermodynamics  327 
The adsorption kinetics is an important characteristic that provides information in regards 328 
to the controlling mechanisms of the adsorption process. The kinetics data were fitted into three 329 
kinetics models: pseudo-first-order (PFO) [61], pseudo-second-order (PSO) [62], and intraparticle 330 
diffusion (IPD) [63] models. The PFO and PSO models assume that the reaction at the liquid/solid 331 
interface is the limiting mechanism, while the IPD model assumes that the reaction is a very rapid 332 
process and the adsorption is controlled by intraparticle diffusion [64, 65]. The PFO, PSO and IPD 333 
models are expressed as Eq. (3), Eq. (4), and Eq. (5), respectively. 𝑞𝑡 and 𝑞𝑒 are the adsorption 334 
capacity (mg g−1) of PANI-PAMPSA at time t and at equilibrium, 𝑘1 is the PFO rate constant 335 
(min−1), 𝑘2 is the PSO rate constant (g mg
−1 min−1), 𝑘𝑑 is the IPD rate constant (mg g
−1 min−0.5), 336 
and 𝐶 is a constant indicating the thickness of the boundary layer. Non-linear forms of PFO and 337 
PSO equations are used as they are found to be more suitable than the linear forms to determine 338 
the kinetic parameters [66, 67]. 339 
 340 
𝑞𝑡 = 𝑞𝑒(1 − 𝑒
−𝑘1𝑡)                                                                                                                                      (3) 341 
 342 
𝑞𝑡 =
𝑘2𝑞𝑒
2𝑡
1 + 𝑘2𝑞𝑒𝑡
                                                                                                                                             (4) 343 
 344 
𝑞𝑡 = 𝑘𝑑𝑡
0.5 + 𝐶                                                                                                                                             (5) 345 
 346 
The comparison of PSO and PFO models for adsorption of MB and RB respectively by 347 
PANI-PAMPSA are shown in Figure 5(a) and Figure 5(b), and the corresponding kinetic 348 
parameters and the correlation coefficient (R2) are summarized in Table S2. The PSO model shows 349 
a better fit for both MB and RB than the PFO model based on the R2 values, and the calculated 𝑞𝑒 350 
value agrees very well with the experimental value. Therefore, the adsorption kinetics of MB and 351 
RB onto PANI-PAMPSA can be satisfactorily described by the PSO model. Such a finding is in 352 
good agreement with previous studies [22-24, 32, 55, 68].  353 
The possibility of intraparticle diffusion is explored by using the IPD model in Figure 5(c). 354 
If the plot of 𝑞𝑡 versus 𝑡
0.5 gives a straight line that passes through the origin of coordinates, then 355 
the adsorption process is controlled by intraparticle diffusion only [69]. However, the data exhibit 356 
multi-linear plots and the straight lines deviate from the origin. The first straight line depicts the 357 
intraparticle diffusion of dye molecules in macropores of PANI-PAMPSA, and the second straight 358 
line represents the diffusion in micropores [69, 70]. The result indicates that intraparticle diffusion 359 
is not the controlling mechanism in the adsorption system. 360 
 361 
 362 
Figure 5: Adsorption kinetics of RB and MB onto PANI-PAMPSA fitted by (a) PFO, (b) PSO, 363 
and (c) IPD models (0.5 g L−1 adsorbent, 100 mg L−1 dye, pH = 7, 25 °C) 364 
 365 
The adsorption isotherms can be used to describe the equilibrium relationship between the 366 
adsorbent and the adsorbate at a constant temperature, and is thus important for optimization of 367 
the adsorption system. In this study, the adsorption isotherm data were fitted using the Langmuir 368 
[71] and the Freundlich [72] models. The Langmuir model describes monolayer adsorption at a 369 
homogeneous surface, while the Freundlich model describes multilayer adsorption on a 370 
heterogeneous system.  371 
The non-linear from of the Langmuir model can be represented by Eq. (6) where 𝑞𝑚 is the 372 
maximum adsorption capacity of the adsorbent (mg g−1), and 𝐾𝐿 is the Langmuir constant which 373 
is related to the energy of adsorption (L mg−1). 374 
 375 
𝑞𝑒 =
𝐾𝐿𝑞𝑚𝐶𝑒
1 + 𝐾𝐿𝐶𝑒
                                                                                                                                              (6) 376 
 377 
The separation factor (𝑅𝐿) of the Langmuir isotherm can be defined by Eq. (7). The value 378 
of 𝑅𝐿 indicates the adsorption nature which can be either irreversible (𝑅𝐿 = 0), favourable (0 < 𝑅𝐿 379 
< 1), linear (𝑅𝐿 = 1), or unfavourable (𝑅𝐿 > 1) [73]. 380 
 381 
𝑅𝐿 =
1
1 + 𝐾𝐿𝑐0
                                                                                                                                              (7) 382 
 383 
The non-linear form of the Freundlich model can be expressed as Eq. (8) where 𝐾𝐹 is the 384 
Freundlich constant (mg1−(1/n) L1/n g−1), and n is the index number indicating the extent of 385 
adsorption. 386 
 387 
𝑞𝑒 = 𝐾𝐹𝐶𝑒
1/𝑛                                                                                                                                                 (8) 388 
 389 
The adsorption isotherms of MB and RB onto PANI-PAMPSA are shown in Figure 6 and 390 
the parameters obtained are given in Table S3. It can be observed that the Langmuir model provide 391 
a better fit to the experimental data in comparison to the Freundlich model. The values of R2 of the 392 
Langmuir model are closer to 1, showing that the Langmuir model explains the adsorption process 393 
of both dyes better than the Freundlich model. This suggests that the adsorption of dyes on PANI-394 
PAMPSA follows a monolayer coverage adsorption mechanism [23, 74]. Figure S2 shows the 395 
variation of 𝑅𝐿 with the initial dye concentration. The 𝑅𝐿 value lies between 0.01 and 0.12 for MB, 396 
and between 0.03 and 0.22 for RB. This indicates the favourable adsorption of both dyes onto 397 
PANI-PAMPSA. The maximum adsorption capacities of PANI-PAMPSA based on the Langmuir 398 
model are 466.5 mg g−1 for MB, and 440.0 mg g−1 for RB, when the adsorbent dose is 0.5 g L−1 399 
and the temperature is 25 °C. To our knowledge, PANI-PAMPSA has higher adsorption capacities 400 
than any other PANI-based materials (Table 1), and is among the most effective adsorbents for 401 
dye removal (such as commercial activated carbon and chitosan) [1, 2].  402 
 403 
 404 
Figure 6: Adsorption isotherms of RB and MB onto PANI-PAMPSA fitted by (a) Langmuir and 405 
(b) Freundlich models (0.5 g L−1 adsorbent, pH = 7, 25 °C) 406 
 407 
To investigate whether the adsorption process is spontaneous or not, four sets of adsorption 408 
experiments were conducted at various temperatures from 298 to 318 K The thermodynamic 409 
parameters are calculated as per Eq. (9) and Eq. (10), where ∆𝐺° is the standard free energy change 410 
(kJ mol−1), T is the temperature (K), R is the universal gas constant (8.314 J mol−1 K−1), 𝐾0 is the 411 
adsorption equilibrium constant, ∆𝐻° is the standard enthalpy change (kJ mol−1), and ∆𝑆° is the 412 
standard entropy change (kJ mol−1 K−1). 𝐾0 was determined by plotting ln(𝑞𝑒 𝑐𝑒⁄ ) versus 𝑐𝑒  at 413 
different temperatures and extrapolating 𝑐𝑒  to zero [75]. The values of ∆𝐻°  and ∆𝑆°  were 414 
calculated from the slope and intercept of the plot of ln 𝐾0 versus 1/T, respectively.  415 
 416 
∆𝐺° = −𝑅𝑇 ln 𝐾0                                                                                                                                          (9) 417 
 418 
ln 𝐾0 =
∆𝑆°
𝑅
−
∆𝐻°
𝑅𝑇
                                                                                                                                    (10) 419 
 420 
The values of the thermodynamic parameters are given in Table 2. The negative values of 421 
∆𝐺°  measured at all temperatures indicate that the adsorption process is thermodynamically 422 
spontaneous [76]. With an increase in temperature, the absolute value of ∆𝐺° increases gradually, 423 
implying that the adsorption process is more favourable at higher temperature. The positive values 424 
of ∆𝐻° confirm the endothermic nature of the adsorption process [77]. The positive values of ∆𝑆° 425 
imply an increase in the randomness at the adsorbent and adsorbate interface [78], which reflects 426 
a good affinity of the PANI-PAMPSA surface towards dye molecules. Additionally, the type of 427 
adsorption (physisorption and chemisorption) can be classified to a certain extent by the 428 
thermodynamic parameters. Generally, ∆𝐺° for physisorption is between −20 and 0 kJ mol−1, and 429 
for chemisorption is between −80 and −400 kJ mol−1 [79]. ∆𝐻° due to physisorption is less than 430 
84 kJ mol−1, while ∆𝐻° due to chemisorption takes value between 84 and 420 kJ mol−1 [80]. 431 
Therefore, the values of ∆𝐺° and ∆𝐻° in Table 2 both suggest that adsorption of dyes onto PANI-432 
PAMPSA was driven by a physisorption process. 433 
 434 
Table 2: Thermodynamic parameters of dye adsorption onto PANI-PAMPSA (0.5 g L−1 adsorbent, 435 
pH = 7) 436 
Dye  ∆𝑮° (kJ mol−1) ∆𝑯° (kJ mol−1) ∆𝑺° (kJ mol−1 
K−1) 
 298 K 308 K 318 K 328 K 
MB −11.89 −12.52 −13.28 −14.12 10.31 0.07 
RB   −9.82 −10.49 −11.16 −11.73   9.20 0.06 
 437 
3.5. Adsorption mechanisms  438 
The adsorption of organic dyes on PANI-based materials in general follows mechanisms 439 
such as π-π interaction, electrostatic interaction, and hydrogen bonding [19, 23, 24]. As mentioned 440 
above, the adsorption of MB and RB follows the monolayer coverage mechanism, which rules out 441 
the possibility of hydrogen bonding because intermolecular hydrogen bonding between dye 442 
molecules would cause multilayer adsorption [74, 81]. At pH = 3 when the dyes are neutral and 443 
the electrostatic interaction between dye and PANI-PAMPSA is shielded, the adsorption capacities 444 
are still pretty high (139.3 mg g−1 for MB and 210.9 mg g−1 for RB). This suggests that the most 445 
possible driving force for the adsorption of dyes is the π-π interaction between aromatic rings of 446 
PANI-PAMPSA and dye molecules [74, 82]. On the other hand, as shown in Figure 4(c), at pH = 447 
12 when the electrostatic interaction (attractive for MB and repulsive for RB) and π-π interaction 448 
coexist, the adsorption capacity for MB is increased by 48%, and that for RB is decreased by 36%, 449 
in comparison to those at pH = 3. This indicates that electrostatic interaction also plays an 450 
important role in the adsorption of ionic dyes.  451 
In order to prove the adsorption mechanisms, the FTIR spectra of PANI-PAMSPA before 452 
and after dye adsorption were compared (Figure 7). The nitrogen atom of PANI interacts with the 453 
sulfonic groups of PAMPSA and this causes more delocalization (two vibrational bands of C-N 454 
stretching of secondary aromatic amine [34]). In the MB-loaded PANI-PAMPSA, these peaks 455 
overlap with the intense vibrational bands of C-N stretching and CH3 stretching of the dye, making 456 
it difficult to determine the nature of the interaction. The bands due to S=O stretching shift from 457 
1153 – 1034 to 1109 – 1025 and this is possibly due to electron delocalization caused by 458 
electrostatic interaction between MB and the PANI-PAMPSA [23]. In the RB-loaded PANI-459 
PAMPSA, the vibrational band due to the quinoid C=C stretching of PANI-PAMPSA shifts from 460 
1546 to 1563 cm−1, which is due to π-π interaction between the localized π electrons in the aromatic 461 
rings of PANI-PAMPSA and RB. Therefore, the main adsorption mechanism of PANI-PAMPSA 462 
towards both anionic and cationic dyes is π-π interaction while electrostatic interaction has an 463 
additional attractive and repulsive effect on cationic and anionic dyes, respectively. 464 
 465 
 466 
 467 
 468 
 469 
 470 
 471 
Figure 7: FTIR of spectra of (a) PANI-PAMPSA, (b) MB, (c) MB-loaded PANI-PAMPSA, (d) 472 
RB, and (e) RB-loaded PANI-PAMPSA 473 
 474 
4. Conclusions 475 
In this study, a polyacid doped PANI adsorbent PANI-PAMSPA was used for dye removal 476 
for the first time. PANI-PAMPSA was synthesized by matrix polymerization of aniline in the 477 
presence of the polyacid PAMPSA. FTIR and XRD results evidenced the successful incorporation 478 
of PAMPSA in PANI. FESEM and BET analysis showed that PAMPSA was of great importance 479 
for the formation of the porous structure of PANI-PAMPSA, which had a specific surface area of 480 
126 m2 g−1. Adsorption experiments showed that PANI-PAMPSA could substantially remove both 481 
cationic (MB) and anionic (RB) dyes from the aqueous solution, while PANI-EB was not effective 482 
for dye adsorption. The adsorption capacities of PANI-PAMPSA were significantly influenced by 483 
the adsorbent dosage, the initial dye concentration, and the solution pH. The adsorption kinetics 484 
obeyed the PSO model, and the isotherms followed the Langmuir monolayer model. Based on the 485 
Langmuir isotherm, the maximum adsorption capacities of PANI-PAMPSA were 466.5 mg g−1 486 
and 440.0 mg g−1 for MB and RB, respectively. These values were significantly higher than other 487 
previously reported PANI-based materials. The thermodynamic parameters suggested that the 488 
adsorption process was spontaneous and endothermic in nature. The adsorption mechanisms 489 
included π-π interaction and electrostatic interaction between the dyes and the adsorbent. This 490 
work not only presented a promising PANI adsorbent for organic dyes, but also shed some light 491 
on the development of other conducting polymer-based adsorbents for wastewater treatment. For 492 
large-scale applications, this adsorbent can be used in a combined adsorption-filtration process, or 493 
be used as adsorptive membranes. 494 
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